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The
14
C(α,γ) reation rate at temperatures below 0.3 GK depends on the properties of two
near threshold resonanes in
18
O, the 1
−
at 6.198 MeV and the 3
−
at 6.404 MeV. The α+
14
C
Asymptoti Normalization Coeients (ANCs) for these resonanes were determined using the α-
transfer reations
14
C(
7
Li,t) and
14
C(
6
Li,d) at sub-Coulomb energies. The
14
C(α,γ) reation rate
at low temperatures has been evaluated. Impliations of the new reation rate on the evolution of
areting helium white dwarfs and on the nuleosynthesis of low mass stars during the asymptoti
giant branh (AGB) phase are disussed.
PACS numbers: 21.10.Jx, 25.70.Hi, 26.20.-f, 26.30.-k
I. INTRODUCTION
The
14
C(α,γ)18O reation has been suggested to play
an important role in several astrophysial environments.
It was pointed out by Mitalas [1℄ that eletron apture
on
14
N an produe
14
C in the degenerate helium ore
of low mass stars. The α-apture on 14C then follows.
It was suggested in [2℄ that the
14
N(e
−
,ν)14C(α,γ)18O
reation (NCO reation) may trigger the helium ash in
the ore of low mass stars earlier than the 3α reation.
The signiane of the NCO reation for the evolution
of low mass stars was also onsidered by Spulak [3℄ who
onluded that it is not eetive ompared to the 3α re-
ation. A ontraditing result was obtained by Kaminisi
and Arai [4℄ who used the updated (but still very un-
ertain)
14
C(α,γ) reation rate and onluded that the
NCO reation is dominant for igniting the helium ash.
While the inuene of the NCO reation on the evolution
of low mass stars in the red giant phase is still unertain
it was rmly established by Nomoto and Sugimoto [5℄,
and later by Hashimoto, et al. [6℄, that the NCO re-
ation may trigger the helium ash in areting helium
white dwarfs at a lower temperature and density than
the 3α reation. However, this onlusion is rather sen-
sitive to the atual value of the
14
C(α,γ) reation rate at
temperatures between 0.03 and 0.1 GK.
The
14
C(α,γ) reation is also important for prodution
of
19
F in asymptoti giant branh stars. Observations by
Jorissen, et al., [7℄ show enhaned uorine abundane in
the atmosphere of K, M, MS, S, SC, and C asymptoti gi-
ant branh (AGB) stars. This nding indiates that
19
F
is produed in these stars and its abundane an be used
to onstrain the properties of the AGB models. The path
for
19
F prodution in an AGB star, as proposed by Joris-
sen [7℄, is rather omplex, ourring in the He intershell
of the AGB star. Neutrons from the s-proess neutron
generator reation,
13
C(α,n), an be aptured by 14N,
enhaned from the previous CNO yle. This leads to
∗
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prodution of
14
C and protons through the
14
N(n,p)
14
C
reation. Then
18
O is produed by the
14
C(α,γ) reation,
or, alternatively by
14
N(α,γ)18F(β)18O. The presene of
protons and
18
O isotopes in the He intershell simultane-
ously allows for the
18
O(p,α)15N reation to our and
subsequently
15
N(α,γ)19F apture. Competing reations
that redue the nal abundane of
19
F are
19
F(α,p),
18
O(α,γ)22Ne and 15N(p,α)12C. A detailed investigation
of the
19
F prodution in AGB stars has been performed
reently by Lugaro, et al., [8℄ and it was determined that
the major unertainties in the prodution of
19
F are as-
soiated with the unertainties in the
14
C(α,γ)18O and
19
F(α,p)22Ne reation rates. Addressing unertainties of
the
14
C(α,γ) reation rate at temperatures relevant for
helium ashes in the areting helium white dwarfs and
nuleosynthesis in the asymptoti giant branh stars is
the main goal of this work.
Diret measurements of the
14
C(α,γ) reation ross
setion are only available for energies above 880 keV in
.m. [9℄. The relevant temperature range for areting
helium white dwarfs is between 0.03 and 0.1 GK and for
19
F nuleosynthesis in AGB stars it is ∼0.1 GK. The
Gamow window for the
14
C(α,γ) reation at these tem-
peratures orresponds to an energy range between 50 and
250 keV. At these energies the ross setion for the α ap-
ture reation on
14
C is too low to be measured diretly
and has to be extrapolated from the higher energy data.
However, near threshold resonanes in
18
O may have a
very strong inuene on this extrapolation. The level
sheme of
18
O is shown in Fig. 1. Three states with ex-
itation energies lose to the α deay threshold at 6.227
MeV are known in
18
O. These are the 1
−
at 6.198 MeV,
the 2
−
at 6.351 MeV and the 3
−
at 6.404 MeV. The
2
−
state at 6.351 MeV is an unnatural parity state and
annot ontribute to the
14
C(α,γ) reation at any signif-
iant level. The 1
−
subthreshold state at 6.198 MeV an
only ontribute to the
14
C(α,γ) reation through its high
energy tail, therefore its ontribution is expeted to be
relevant only at the lowest energy. Finally, the 3
−
state
at 6.404 MeV is 177 keV above the α-deay threshold -
right in the middle of the energy range of interest.
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Figure 1: Partial level sheme of
18
O.
The strength of a resonane is dened by
ωγ =
2JR + 1
(2jt + 1)(2jp + 1)
ΓαΓγ
Γ
, (1)
where Γ, Γα and Γγ are the total, partial α and par-
tial γ widths and JR, jt and jp are spins of the reso-
nane, the target and the projetile. At 177 keV the
partial α-width is muh smaller than the partial γ width
(Γα ≪ Γγ), therefore the resonant α-apture ross se-
tion is determined entirely by the partial α-width with
resonane strength alulated as ωγ ≈ 7× Γα for the 3−
state at 6.404 MeV in
18
O. The partial α-width of the
3
−
state is not known. This leads to several orders of
magnitude unertainty of the
14
C(α,γ) reation rate at
∼ 0.1 GK. The subthreshold 1− state at 6.198 MeV also
ontributes to the reation rate unertainty at the lowest
temperatures.
Information on the partial α widths of resonanes in
18
O an be extrated using the diret α-transfer rea-
tions
14
C(
6
Li,d) and
14
C(
7
Li,t). Usually these reations
are performed at energies of 5-15 MeV/A and α spe-
trosopi fators (Sα) for the states of interest are de-
termined from the Distorted Wave Born Approximation
(DWBA) analysis of the reation ross setions. The par-
tial α width is then alulated as Γα = Sα × ΓSP , where
ΓSP is the α single partile width.
ΓSP = 2Pℓ(kR)γ
2
sp (2)
Pℓ(kR) =
kR
F 2ℓ (k,R) +G
2
ℓ (k,R)
(3)
γ2sp = ~
2/µR2, (4)
where Pℓ(kR) is a penetrability fator determined by the
Coulomb regular and irregular funtions Fℓ(k,R) and
Gℓ(k,R), µ is a redued mass and k is a wave num-
ber. R is a hannel radius - R = r0(
3
√
A1 +
3
√
A2), where
r0 = 1.2 − 1.4 fm. The redued width, γsp, in equation
(4) orresponds to the redued width in a square-well po-
tential. The single partile width an be alulated more
aurately using a realisti Woods-Saxon potential. As
is well known, the spetrosopi fator extrated from
an α-transfer reation depends on the parameters of the
optial potentials used to desribe the wave funtions of
relative motion in the entrane and exit hannels in the
DWBA approah and on the shape of the form fator
potentials and the number of nodes in the model ore-
luster wave funtion. However, for astrophysial alu-
lations the asymptoti normalization oeient (ANC)
is needed instead of the spetrosopi fator, and if the
transfer reation is performed at sub-Coulomb energies,
then the parametri dependene of the DWBA alula-
tions is greatly redued. This approah has been applied
before in Refs. Brune et al. [10℄, Johnson et al. [11℄ where
the
12
C(α,γ) and 13C(α,n) reation rates due to near
threshold resonanes in
16
O and
17
O were evaluated. In
this work we measured the ross setions of the
14
C(
7
Li,t)
and
14
C(
6
Li,d) α-transfer reations at sub-Coulomb en-
ergies and determined the ANCs of the 1
−
and 3
−
states
in
18
O. The disussion is strutured as follows: the ex-
perimental tehnique is disussed in the setion II, the
extration of the ANCs and assoiated unertainties are
desribed in setion III, the new
14
C(α,γ) reation rate
and it's astrophysial impliations are disussed in se-
tion IV, and the onlusions are in setion V.
II. EXPERIMENT
The sub-Coulomb α-transfer reations 6Li(14C,d) and
7
Li(
14
C,t) were performed at the John D. Fox Superon-
duting Aelerator Laboratory at Florida State Univer-
sity. The use of inverse kinematis,
14
C beam and
6,7
Li
target, has several advantages. First, it eliminates the
bakground assoiated with (
6,7
Li,d/t) reations on the
unavoidable
12
C admixture to the
14
C target. Seond,
inverse kinematis provides a boost to the light reoils,
whih is essential for the detetion of the reation prod-
uts, sine the reation is performed at low sub-Coulomb
energies.
Five silion ∆E-E telesopes were used to detet
the light reoils (deuterons/tritons) produed by the α-
transfer reation. The ∆E detetors ranged in thikness
from 15 to 25 µm, while the E detetors were 500-1000
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Figure 2: (Color online) Partile identiation spetra in ∆E-
E silion telesopes from
7
Li(
14
C,t) run. The x and y axes
are energies in MeV deposited by the harged partiles in the
E and ∆E detetors, respetively. The intense group of pro-
tons at 2 MeV (2.4 MeV total energy) orresponds to elasti
sattering of
14
C by the hydrogen ontamination in the
7
Li
target. Tritons from the
7
Li(
14
C,t) reation are highlighted.
µm thik. Partile identiation was performed using
the standard ∆E-E tehnique. A sample of the 2D parti-
le identiation plot is shown in Figure 2, where it an
be seen that the separation of the dierent isotopes of
hydrogen is suient for reliable identiation.
The lithium targets were prepared and transferred to
the sattering hamber in a sealed ontainer under va-
uum in order to prevent oxidation. The thikness of the
lithium targets was ≈ 20 µg/cm2 and they were prepared
on a Formvar baking. An aurate determination of
the target thiknesses and detetor solid angles was per-
formed using elasti sattering of protons. The p+
6,7
Li
elasti sattering ross setion at 95
◦
with proton beam
energy of 6.868 MeV was measured previously with a 3%
auray in Bingham et al. [12℄, and this result allowed
the produt of the target thikness and the telesope solid
angles to be determined by plaing the telesopes at 95
◦
with respet to the beam axis one by one and measuring
p+
6,7
Li elasti sattering with eah lithium target.
For energies below the Coulomb barrier the angular
distribution for a diret transfer reation has a peak at
bak angles, 180◦ in the .m. frame whih orresponds
to a peak at 0◦ in the lab frame in inverse kinematis.
Therefore, to measure the reation ross setion in the
region of its maximum, the detetors were plaed near 0◦
in the lab frame. The detetor nearest to 0◦ was shielded
from Rutherford sattering of the arbon beam on the
lithium target with a 5 µm Havar foil in front of the
telesope. This foil was thik enough to stop all of the
arbon beam, but thin enough so that energy losses of
the deuterons and tritons were small.
The
14
C beam energy is determined by the ondi-
tion that the reation .m. energy should be below the
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Figure 3: Spetrum of deuterons from the
6
Li(
14
C,d) reation,
measured by the 8
◦
telesope at 8.8 MeV
14
C beam energy.
The energy of the deuterons in the laboratory referene frame
is shown on the x-axis. The
18
O states populated in this
reation are labeled.
Coulomb barrier in both the entrane and exit hannels.
The
14
C beam energies of 8.8 MeV for the
6
Li target (2.64
MeV in .m.) and 11.5 MeV for the
7
Li target (3.83 MeV
in .m.) meet this requirement for population of near α
threshold states in
18
O.
III. ANALYSIS OF THE α-TRANSFER CROSS
SECTIONS AND ANCS
Spetra of deuterons from the
6
Li(
14
C,d) reation and
tritons from the
7
Li(
14
C,t) reation at 8.8 MeV and 11.5
MeV of
14
C beam energy, respetively, are shown in Figs.
3 and 4. Peaks in the spetra orrespond to the states
or groups of states in
18
O and all of them an be iden-
tied with the known states in
18
O. The near threshold
states of astrophysial interest for this work are the 1
−
at 6.198 MeV and the 3
−
at 6.404 MeV. Peaks whih
orrespond to these states appear at 2.5 and 3.0 MeV in
Figs. 3 and 4, respetively. The experimental resolution
of our setup in the .m. was 120 keV (FWHM), therefore
these two states partially overlap. The following steps
were performed in order to redue the ambiguity in the
extration of ross setions from the measured spetra.
The experimental resolution was aurately determined
from the width of the peak whih orresponds to the 1
−
state at 4.456 MeV. This state is separated from the other
18
O states by more than 500 keV and is therefore well re-
solved in our spetra. It was observed that the shape of
the 1
−
peak is slightly asymmetri with a harateristi
tail at the lower energy end (see the inset in Figure 4)
probably due to radiation damage in the detetors. This
detetor response was then used in the further analysis
by modeling it with a Gaussian funtion whih has larger
sigma below the entroid energy and lower sigma above
4E(MeV)
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Figure 4: Spetrum of tritons from the
7
Li(
14
C,t) reation,
measured by the 8
◦
telesope at 11.5 MeV
14
C beam energy.
The energy of the tritons in the laboratory referene frame
is shown on the x-axis. The
18
O states populated in this
reation are labeled. The inset shows the double Gaussian t
of the well resolved 1
−
state at 4.456 MeV whih was used to
determine the energy resolution of the experimental setup.
the entroid energy (110 and 60 keV in the Lab. frame
respetively) . All the peaks in the spetra are then tted
using this lineshape.
Three states an ontribute to the broad peak observed
at ∼ 3 MeV in the triton and ∼ 2.5 MeV in the deuteron
spetra. These are the aforementioned 1
−
and 3
−
at
6.198 MeV and 6.404 MeV but also the 2
−
at 6.35 MeV.
While this last state is an unnatural parity state and an-
not be populated in a diret α-transfer reation it an
still ontribute through the ompound nuleus reation
mehanism. The magnitude of this ontribution an be
estimated using the 2
−
state at 5.53MeV as a benhmark.
This state is learly visible in the group of states at ∼ 4.5
MeV in the spetrum of tritons from the
7
Li(
14
C,t) rea-
tion (see Figure 5). Four states ontribute to this peak.
These are the 2
−
at 5.53 MeV, the 0
+
at 5.336 MeV, the
2
+
at 5.255 MeV and the 3− at 5.098 MeV. The four
state t of the peak is shown in Figure 5. There is also
an unnatural parity 3
+
state at 5.378 MeV, but its on-
tribution is expeted to be very small and sine it has an
exitation energy lose to the 0
+
its possible ontribution
to the peak an be taken into aount by overestimating
the strength of the 0
+
state. Note that there are only
four free parameters in this t - the strengths of the four
states. The positions of the states were xed from the
known values and the width is determined by the exper-
imental shape as modeled above. In this way, the ross
setion for population of the 2
−
state at 5.53 MeV was
determined. Assuming that only the ompound nuleus
mehanism is responsible for population of the unnatural
parity 2
−
state at 5.53 MeV one an determine the ross
setion for population of the 2
−
state at 6.35 MeV using
the Hauser-Feshbah formalism and saling it to the 2
−
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Figure 5: (Color online) Four state t of the 4.5 MeV group of
tritons from the
7
Li(
14
C,t) reation. This t was performed
to determine the strength of the unnatural parity 2
−
state at
5.53 MeV whih was used to evaluate the ontribution of the
ompound nuleus mehanism to the measured ross setions.
Table I: Optial-model parameters used in analysis of the
14
C(
7
Li,t) and
14
C(
6
Li,d) reations.
V
a
R a W
a
W
b
d R
′
a
′
Rc Ref.
Channel (MeV) (fm) (fm) MeV MeV (fm) (fm) (fm)
14
C+
7
Li 33.1 4.17 0.85 0.0 7.8 4.51 0.72 4.17 [13℄
18
O+t 130.0 3.43 0.72 8.0 0.0 4.19 0.80 3.43 [13℄
14
C+
6
Li 250.0 3.26 0.65 0.0 7.5 3.26 0.65 4.82 [14℄
18
O+d 92.92 2.73 0.81 0.0 2.5 3.65 0.71 3.4 [14℄
14
C+α v 3.53 0.6 3.53 [15℄
α+d v 1.9 0.65 1.9 [16℄
α+t v 2.05 0.7 2.05 [16℄
a
Form fator: Woods-Saxon.
b
Form fator: Woods-Saxon derivative, values in the table
do not inlude a regular fator of 4: W=4Wd.
v - varied to reprodue separation energies.
state at 5.53 MeV.
A sample of the three states t to the peak whih orre-
sponds to ∼ 6.3MeV exitation in 18O is shown in Figure
6. The strengths of the 1
−
and the 3
−
states at 6.198 and
6.404 MeV are the only two free parameters. Strength of
the 2
−
state was xed as desribed above. The same
tting proedure was performed for all telesopes. The
angular distributions for the 6.198 MeV and 6.404 MeV
states from the
6
Li(
14
C,d) and
7
Li(
14
C,t) reations are
shown in Figure 7.
DWBA analysis of the angular distributions was per-
formed using the ode FRESCO (version FRES 2.4) [17℄.
The optial model potentials parameters for the DWBA
alulations were adopted from [14℄ and Fortune and Ku-
rath [13℄ for the
6
Li(
14
C,d) and the
7
Li(
14
C,t) reations
5respetively. The shape of the form fator potentials is
from Kubo and Hirata [16℄ and Buk et al. [15℄. These
parameters are summarised in Table I. It is important
to note that both the 1
−
and the 3
−
states were treated
as bound in the DWBA analysis, even though the 3
−
is
atually unbound by 177 keV. This is a good approxi-
mation sine this state deays only by γ emission. The
dependene of the nal result on the hoie of the bind-
ing energy will be disussed later in this setion. The
DWBA alulations were performed for beam energies
at the enter of the target, 11.42 MeV for the
7
Li target
measurements and 8.7 MeV for the
6
Li target measure-
ments. The ANCs for the 1
−
and the 3
−
states were
extrated from the experimental data and the DWBA
analysis.
Following the results of [18℄ the ANC is dened in the
following way. The radial overlap funtion of the bound
state c onsisting of two partiles a+ b (=(ab)) an be
approximated by a model wave funtion:
Ic(ab)lj(r) =
√
Sc(ab)ljψ
c
nlj(r), (5)
where ψcnlj(r) is the bound state wave funtion for the
relative motion of a and b, and Sc(ab)lj is the spetrosopi
fator of the onguration (ab) with the orresponding
quantum numbers l and j in state c. The asymptoti
normalization oeient Cc(ab)lj denes the amplitude of
the tail of the radial overlap funtion Ic(ab)lj and at radii
beyond nulear interation radius (r > RN ) is given by
Ic(ab)lj(r)→ Cc(ab)lj
W−ηc,lc+1/2(2kabr)
r
. (6)
W−ηc,lc+1/2(2kabr) is the Whittaker funtion desribing
the asymptoti behavior of the bound state wave funtion
of two harged partiles, kab is the wave number of the
bound state c (kab =
√
2µabεc) and ηc is the Coulomb
parameter ηc = ZaZbµab/kab of the bound state c. The
bound state wave funtion ψcnlj(r) has similar asymptoti
behavior
ψcnlj(r)→ bcnlj
W−ηc,lc+1/2(2kabr)
r
, (7)
where bcnlj is the single-partile ANC. From the equations
(5), (6) and (7),
(Cc(ab)lj)
2 = Sc(ab)lj(b
c
nlj)
2
(8)
Spetrosopi fators an be extrated diretly from the
experimental data
dσ
dΩ exp
= S1S2
dσ
dΩDWBA
, (9)
where S1 is the α+
14
C spetrosopi fator of the orre-
sponding state in
18
O and S2 is the α+d(t) spetrosopi
fator of the ground state of
6(7)
Li. The squares of α+d(t)
ANCs of the ground states of
6
Li and
7
Li are well known
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Figure 6: (Color online) Fit of the triton spetrum from the
7
Li(
14
C,t) reation in the viinity of 6.3 MeV of
18
O exita-
tion energy. The blak urve is the sum of the ontributions
from three states - the 1
−
at 6.198 MeV, the 2
−
at 6.35 MeV
and the 3
−
at 6.404 MeV. The red, blue and green lines rep-
resent individual ontributions of the 1
−
, 3
−
and 2
−
states
respetively. The ontribution of the 2
−
state was not varied
(see disussion in the text).
and equal to 5.29± 0.5 and 12.74± 1.1 fm−1 respetively
Blokhintsev et al. [19℄, Igamov and Yarmukhamedov [20℄.
Therefore, the ANCs for the
18
O states populated in the
(
6,7
Li,d/t) reations an be extrated. The R-matrix re-
dued width of the state an then be determined from
the ANC [18℄
γ2c =
1
2µab
W 2−ηc,l+1/2(2kabR)
R
(Cc(ab)lj)
2, (10)
where R is the hannel radius. The partial α width
Γα of the state, whih is the only missing parameter
needed to determine the astrophysially relevant reso-
nane strength (see disussion in setion I), is given by
equations (2) and (3) in whih γ2c is used instead of γ
2
SP .
The DWBA ross setion is proportional to the squares
of the single partile ANCs determined by the form fa-
tor potentials. Spetrosopi fators are inversely pro-
portional to the single-partile ANCs (see eq. (8)). This
makes ANCs extrated from the experimental data using
equations (8) and (9) insensitive to the details of the form
fator potentials. Sine the reation is performed at sub-
Coulomb energies the dependene of the DWBA ross
setion on the parameters of the optial model potentials
is minimized.
The partial α width of the 3− state at 6.404 MeV in
18
O determined from the measured ross setions using
the approah desribed above is Γα = (7.8± 2.7)× 10−14
eV, and a detailed analysis of the parameter dependene
of the result follows. The redued width γα is inversely
proportional and the penetrability fator is diretly pro-
portional to the hannel radius (see Eqs. (10) and (3)), so
6that the expliit dependene of the partial α width on the
hannel radius anels out. Only the impliit dependene
through the kR argument of the Coulomb and Whittaker
funtions remains. The partial α width of the 3− state
alulated at the hannel radius of 4 fm is 8.2× 10−14 eV
and at the hannel radius of 6 fm it is 7.6 × 10−14 eV.
Therefore, the hannel radius unertainty ontributes to
the total error budget at the level of 8%. A hannel ra-
dius of 5.2 fm was adopted.
The value of the spetrosopi fator extrated from
the transfer reation depends on the assumption of the
number of radial nodes of the bound state wave funtion
but the value of the orresponding ANC does not. The
α+d(t) wave funtion whih orresponds to the 6(7)Li
ground state has one node (exluding the origin and in-
nity). The number of nodes of the α+14C wave funtion
for the 3
−
state in
18
O is not known. From the Talmi-
Moshinski relation 2N+L =
∑
(2ni+ li), where the sum
is over all nuleons in the luster, the minimum number
of nodes in the α luster wave funtion of the 3− state
is 2. The DWBA alulations for 2, 3 and 4 node wave
funtions were performed produing Γα = 8.0, 7.9 and
7.8 ×10−14 eV respetively, so a 3% unertainty is asso-
iated with the unknown number of nodes in the α luster
wave funtion of the 3− state at 6.404 MeV in 18O. Three
nodes were onsidered as the best guess.
The 3
−
state is unbound by 177 keV but treated as
a bound state with small binding energy. The hoie of
binding energy is arbitrary and may, in priniple, inu-
ene the nal result. We performed alulations for sev-
eral binding energies between 200 and 10 keV. While the
dependene of the nal result (value of Γα) on the spei
value of the binding energy is very small there is a lear
trend of dereasing Γα with dereasing binding energy.
Note, that the penetrability fator was always alulated
at resonane energy, whih is 177 keV above the deay
threshold. The extrapolation of this trend into the pos-
itive energy region suggests that the partial α width of
a state at 177 keV in the .m. should be redued by
about 2% from the value obtained with 30 keV binding.
The nal value of Γα = 7.8 × 10−14 eV takes this small
orretion into aount.
The
7
Li form fator potential was adopted from
Kubo and Hirata [16℄ (Woods-Saxon with V=-91.2 MeV,
R=2.05 fm and a=0.7 fm). This potential has been shown
to reprodue t+α sattering phase shifts at low energies
as well as the α-partile binding energy in 7Li (with one
node and an ℓ=1 wave funtion). It was used also as the
main oupling potential for the (
7
Li,t) α transfer rea-
tion. The dependene of Γα on the spei hoie of the
Li form fator shape parameters was investigated. An
inrease of the radius parameter from 2.05 fm to 3.7 fm
(sum of rms harge radius of α-partile and 3H) inreases
Γα from 7.8 to 8.1×10−14 eV. The potential depth is al-
ways adjusted to reprodue the α+t binding energy with
one node and an ℓ = 1 wave funtion. Variation of the
diuseness parameter of this potential within reasonable
limits (from 0.5 to 0.8 fm) has an even smaller inuene
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Figure 7: Angular distributions for the 1
−
at 6.198 MeV and
3
−
at 6.404 MeV states from the
6
Li(
14
C,d) and
7
Li(
14
C,t)
reations measured at 8.8 and 11.5 MeV respetively. The
solid lines orrespond to the DWBA best t.
on the nal value of Γα (∼ 2%).
The dependene of the nal result on the spei pa-
rameters of the
14
C+α binding potential is also weak.
The
18
O form fator potential was taken from Buk et al.
[15℄ (Woods-Saxon with R=3.53 fm and a=0.6 fm). The
potential depth was adjusted to produe the desired bind-
ing energy. Variation of the radius parameter from 3.0 fm
7to 4.2 fm results in ∼ 4% variation of the partial α width
and variation of the diuseness parameter from 0.5 to
0.8 fm produes ∼ 10% variation. Note that the DWBA
ross setion depends strongly on the spei hoie of
the form fator potential parameters and varies by an
order of magnitude with the hanges desribed above.
However, the value of the ANC is not sensitive to these
variations.
The inuene of the optial model potential param-
eters on the nal result was minimized by performing
the α-transfer reation at a sub-Coulomb energy. Yet,
sine the
14
C beam energy was lose to the Coulomb bar-
rier unertainty in the parameters of the optial model
potentials gives largest ontribution to the nal uner-
tainty of the Γα value of the 3
−
state. Assessment of this
unertainty is somewhat arbitrary but was determined
here by performing a Monte Carlo variation of all the
nulear potential parameters. This proess resulted in
a Gaussian distribution of DWBA ross setions with a
standard deviation of 30%. The radius and diuseness
hanges to the imaginary part of the
14
C+
7
Li optial po-
tential ontributed the most to the unertainty. DWBA
alulations were performed with several dierent sets of
14
C+
7
Li potentials taken from [13, 14, 21℄ and veried
that all of these (very dierent) potentials give Γα well
within the 30% unertainty limit determined using the
Monte Carlo approah.
The statistial unertainty for the
7
Li(
14
C,t)
18
O(3
−
)
reation data is 7%. The ombined systemati uner-
tainty in the absolute ross setion normalization origi-
nating from the determination of the produt of the tar-
get thikness times the solid angle is also 7%. Finally,
there is a 9% unertainty in the known value of the α+ t
ANC, 12.74±1.1 fm−1 [20℄. Colleting all the ompo-
nents of the error budget yields the nal relative uner-
tainty of the Γα value of the 3
−
state at 6.404 MeV in
18
O determined from the
7
Li(
14
C,t) α-transfer reation
at sub-Coulomb energy of 35%.
An ANC an only be reliably extrated from the trans-
fer reation data if reation is peripheral. Performing
transfer reation at sub-Coulomb energy is an important
fator in ahieving this ondition. Limiting radius at
whih transfer reation is onsidered in DWBA alula-
tions it was veried, that 95% of the transfer reation
ross setion omes from radius beyond 7 fm. This is far
outside of the sum of nulear interation radius of
7
Li
and
14
C indiating that reation is highly peripheral.
The determination of the ANC of the 3
−
state at 6.404
MeV in
18
O was also attempted from the
6
Li(
14
C,d) re-
ation data. Unfortunately, statistis were rather low
and only an upper limit ould be set on the ross setion
from the
6
Li(
14
C,d) data. Therefore, only an upper limit
of ∼ 10−13 eV an be determined for the Γα of this state
whih is onsistent with the Γα = (7.8± 2.7)× 10−14 eV
determined from the
7
Li(
14
C,t) data.
The ANC for the 1− state at 6.198 MeV and the or-
responding unertainty was determined using the same
steps as outlined above. The only dierene is that this
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Figure 8: (Color online) S-fator of the
14
C(α,γ) reation as
a funtion of energy. The blue dashed line is the S-fator due
to diret apture (adopted from Görres et al. [9℄), the red
solid line is the S-fator due to the sub-threshold 1
−
state at
6.198 MeV in
18
O and the blak solid line is the sum of the
two without interferene. The red dotted line orresponds to
onstrutive and the blak dash-dotted line to destrutive in-
terferene of the 1
−
state at 6.198 MeV with the diret apture
amplitude.
state is bound by 29 keV with respet to α-deay, there-
fore no orretion to the dependene of the ANC on the
assumed binding energy was neessary. The square of the
Coulomb modied ANC for this state was extrated from
both the
7
Li(
14
C,t) and the
6
Li(
14
C,d) data sets. The re-
sulting values are 2.6±0.9 fm−1 and 3.0±1.0 fm−1. The
two values extrated from the dierent reations agree
within error. As before, the unertainty is dominated by
the dependene on the optial model potential parame-
ters. The nal result for the squared Coulomb modied
ANC of the 1
−
state at 6.198 MeV in
18
O, determined
by ombining values from both the (
6
Li,d) and (
7
Li,t)
measurements, is 2.8±0.7 fm−1.
IV. THE
14
C(α,γ) REACTION RATE
With the Γα for the 3
−
state at 6.404 MeV and ANC
for the 1
−
at 6.198 MeV in
18
O, the
14
C(α,γ) reation
rate an be reliably extrapolated down to very low tem-
peratures. At temperatures below 1 GK four major on-
tributors to the
14
C(α,γ) reation rate an be identied.
These are the diret apture (DC), resonane apture
through the 4
+
and 3
−
states at 7.12 and 6.404 MeV and
the sub-threshold resonane apture through the 1− state
at 6.198 MeV. Diret
14
C(α,γ) apture was measured by
Görres et al. [9℄ in the energy range from 1.14 to 2.33
MeV and was extrapolated to lower energies using the
following parametrization of the astrophysial S-fator
S(E) = 2.18− 1.60E + 0.82E2. (11)
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Figure 9: (Color online) The
14
C(α,γ) reation rate due to
resonant and non-resonant apture. Resonant apture due to
the 4
+
state at 7.12 MeV and 3
−
state at 6.404 MeV are shown
as the blak dash-dotted and solid red urves, respetively.
Diret apture is the red dotted urve, apture due to the
1
−
sub-threshold resonane at 6.198 MeV is the blue dashed
urve.
The resonane strength of the 4
+
state was also deter-
mined by diret measurements in [9℄ (ωγ = 0.46 ± 0.08
eV). The resonane strength of the 3
−
state determined
through the ANC in this work is ωγ = 7 × Γα =
(5.5 ± 1.9)× 10−13 eV. The resonane reation rate was
alulated as in Fowler et al. [22℄
NA < σν >R= 1.54× 1011(µT9)−3/2 × ωγ×
× exp
(
−11.605Er
T9
)
,
(12)
where µ is a redued mass and T9 is the temperature in
GK.
The astrophysial S-fator for the 1
−
sub-threshold res-
onane was alulated from the Coulomb modied ANC
using the approah outlined in [18℄ as
S(E) ≈ (2L+ 1)π2 kc
µ2
η2L+1c
(E + εc)2
Γγ × |C˜1− |2, (13)
where |C˜1− |2 is the square of the Coulomb modied ANC
(ANC divided by the orresponding Gamma funtion,
Γ(L+ 1+ ηc)) of the 1
−
state, kc is the wave number of
the 1
−
state kc =
√
2µεc, εc is the binding energy, Γγ is
the partial γ width of the 1− state alulated from the
known mean lifetime, Γγ = (1.8± 0.3)× 10−7 MeV. The
ombined relative unertainty of the S(E) value is 30%.
The S-fator due to diret apture is ompared to the S-
fator due to the 1
−
sub-threshold resonane in Figure 8.
It is important to note that at energies below 50 keV the
ontribution to the S-fator from the 1
−
sub-threshold
resonane is larger than from the diret apture. Based
on the results of [9℄ diret apture is mainly due to the
p-wave. Therefore, the diret apture amplitude may in-
terfere with the 1
−
sub-threshold resonane amplitude.
The S-fators due to onstrutive and destrutive inter-
ferene of these amplitudes are shown in Fig. 8 as red
dotted and blak dash-dotted urves, respetively. Obvi-
ously, interferene signiantly amplies the importane
of the 1
−
state. Unfortunately, the sign of this interfer-
ene is not known and both ases will have to be on-
sidered. The reation rates due to diret apture and
apture to the sub-threshold 1
−
state at 6.198 MeV in
18
O were alulated by numerial integration of:
< σν >NR=
√
8
µπ (kT )
−3/2 
S(E)×
× exp(−2πη) exp (− EkT ) dE.
(14)
The reation rates due to resonane and non-resonane
apture are shown in Figure 9 as a funtion of temper-
ature. Three temperature regions an be identied. At
T>0.3 GK the
14
C(α,γ) reation rate is dominated by
the 4+ state at 7.12 MeV. The 4+ resonane strength
was measured diretly [9, 23℄ and the unertainty of the
14
C(α,γ) reation rate in this region is 17%. In the tem-
perature range between 0.03 and 0.3 GK the 3
−
state
at 6.404 MeV dominates. This temperature range is of
partiular interest for helium areting white dwarfs and
AGB stars. The 3
−
resonane strength was determined in
this work with an unertainty of 35%, whih determines
the new unertainty for the
14
C(α,γ) reation rate in the
temperature range of 0.03-0.3 GK. Below 0.03 GK, diret
apture and apture due to the sub-threshold 1
−
state at
6.198 MeV dominate. While diret apture was extrap-
olated from diret measurements in Görres et al. [9℄ and
the S-fator due to the 1
−
sub-threshold resonane was
determined in this work with an unertainty of 30% the
reation rate at this low energy region is still unertain by
two orders of magnitude due to the unknown interferene
between the diret and the 1
−
sub-threshold resonane
apture amplitudes (see Figure 8).
The new
14
C(α,γ) reation rate may have the most
profound eet on the evolution of areting helium white
dwarfs. It was suggested by Hashimoto et al. [6℄ that un-
der ertain onditions the
14
N(e
−
,ν)14C(α,γ)18O (NCO)
reation dominates over the 3α reation and triggers a he-
lium ash at earlier times and lower density values than
the 3α proess would otherwise. However, this suggestion
is sensitive to the atual
14
C(α,γ) reation rate. Various
aretion rates have been onsidered in Hashimoto et al.
[6℄ and it was onluded that the eet of the NCO re-
ation is larger for faster aretion. Following the evo-
lutionary path of the entral density and temperature of
the helium areting white dwarf with the aretion rate
of 10
−8
M
J
yr
−1
it was found (see Fig. 5 in Hashimoto
et al. [6℄) that
14
C burning is ignited when the entral
temperature reahes 0.066 GK while the 3α reation does
not begin until 0.080 GK. This predition was based on
the hypothetial
14
C(α,γ) reation rate whih turned out
to be a fator of 30 higher than the rate determined from
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Figure 10: (Color online) Comparison of the new
14
C(α,γ)
reation rate (red solid urve) in the temperature range most
relevant for the helium areting white dwarfs to the rate used
by Hashimoto, et al., [6℄ (blak dash-dotted urve).
our measurements. (Note that at these temperatures the
reation rate is dominated by the resonane apture due
to the 3
−
state at 6.404 MeV). Comparison of the rea-
tion rate in the temperature range of interest for helium
areting white dwarfs used by Hashimoto and the one
determined from our experimental data is shown in Fig-
ure 10. The new, muh lower reation rate would hange
the NCO ignition temperature to higher values. An esti-
mate of the new ignition temperature based on equality
of the orresponding
14
C(α,γ) reation rates gives a new
value of about 0.075 GK whih is very lose, but still
lower than the ignition temperature for the 3α reation.
Obviously, detailed alulations with the new
14
C(α,γ)
reation rate are neessary to know whether the NCO
reation has an eet on the evolution of the helium a-
reting white dwarf. However, it is lear that the new,
signiantly redued reation rate asts serious doubt on
the eetiveness of the NCO reation hain as a trigger
for helium ashes ompared to the 3α reation.
It was found in Lugaro et al. [8℄ that unertainties in
the
14
C(α,γ) and the 19F(α,p) reation rates are the main
ontributing fators to the unertainty of the prodution
of
19
F in AGB stars. The authors of Lugaro et al. [8℄
ite 5 orders of magnitude unertainty in the
14
C(α,γ)
reation rate due to the unknown spetrosopi fator
of the 3− state at 6.404 MeV. This unertainty is elim-
inated now. Surprisingly, the reommended
14
C(α,γ)
reation rate used in Lugaro et al. [8℄, whih is based
on the assumption that the spetrosopi fator of the
3
−
state is 0.01 is almost exatly (within experimental
unertainty of this work) the same as the reation rate
determined from our measurements. This fortuitous o-
inidene means that the yields of
19
F alulated in Lu-
garo et al. [8℄ with the reommended
14
C(α,γ) reation
rate are aurate and no new alulations are neessary.
Of ourse, the unertainty due to the
19
F(α,p) reation
rate still remains and will have to be addressed.
Finally, with the unertainty for the
14
C(α,γ) rea-
tion rate redued to just 35% in the temperature range
of interest for the ore helium ashes in low-mass stars
the debate over possible importane of the NCO reation
hain as a trigger an hopefully be settled.
V. CONCLUSION
The
14
C(α,γ) reation rate was studied using an indi-
ret approah. The asymptoti normalization oeients
(ANCs) for the 1
−
state at 6.198 MeV and 3
−
at 6.404
MeV in
18
O were measured in the α-transfer reations
(
7
Li,t) and (
6
Li,d) on
14
C. The measurements were per-
formed at sub-Coulomb energies to minimize the depen-
dene of the nal result on the optial model potential
parameters. The extration of ANCs instead of spe-
trosopi fators signiantly redued the dependene on
the form-fator potential parameters and the number of
nodes assumed in the α-14C wave funtion. The reso-
nane strength of the 3
−
state was determined from the
ANC to be ωγ = (5.5±1.9)×10−13 eV. It was found that
the resonane apture due to the 3
−
state dominates the
reation rate in the temperature range of 0.03<T9<0.3
whih is the most relevant temperature range for the
19
F
nuleosynthesis in AGB stars, evolution of helium a-
reting white dwarfs and ore helium ashes of low-mass
stars. At temperatures below 0.03 GK the
14
C(α,γ) re-
ation rate is determined by the interplay between the
diret apture and apture due to the sub-threshold 1
−
resonane at 6.198 MeV. The S-fator due to the 1
−
sub-
threshold state was determined in this work from the
ANC and the diret apture S-fator was suggested in
[9℄. In spite of this knowledge, the reation rate at the
temperatures below 0.03 GK is still unertain by two or-
ders of magnitude due to the unknown interferene (on-
strutive or destrutive) between the two amplitudes.
The new
14
C(α,γ) reation rate is a fator of 30 lower
than the one used in [6℄. Therefore, the importane of
the NCO hain as a trigger for helium ashes in helium
areting white dwarfs suggested in [6℄ is redued, if not
eliminated all together. The reommended
14
C(α,γ)
reation rate used in [8℄ for
19
F nuleosynthesis alula-
tion in AGB stars fortuitously oinides with that deter-
mined from our experimental data and the unertainty
of the
19
F prodution in AGB stars assoiated with the
14
C(α,γ) reation rate is now eliminated. We hope that
the new information on the
14
C(α,γ) reation rate will
help to resolve the question of whether or not the NCO
reation hain an trigger helium ashes in ores of low-
mass stars before the 3α reation does.
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